Among rubber tree species, which belong to the Hevea genus of the Euphorbiaceae family, Hevea 27 brasiliensis (Willd. ex Adr.de Juss.) Muell. Arg. is the main commercial source of natural rubber 28 production worldwide. Knowledge of the population structure and linkage disequilibrium (LD) of 29 this species is essential for the efficient organization and exploitation of genetic resources. Here, we 30 obtained single-nucleotide polymorphisms (SNPs) using a genotyping-by-sequencing (GBS) 31 approach and then employed the SNPs for the following objectives: (i) to identify the positions of 32
Introduction 49
Hevea brasiliensis, or the rubber tree, is an important crop species that produces a high-quality 50 natural rubber in commercially viable quantity, accounting for more than 98% of the total natural 51 rubber production worldwide (Priyadarshan and Goncalves, 2003) . A native species of the Amazon 52 rainforest, H brasiliensis is a diploid (2n=36, n=18), perennial, and cross-pollinated tree species with 53 an estimated haploid genome size of 1.47 Gb (Tang et al., 2016) . This species belongs to the 54
Euphorbiaceae family, comprising 11 inter-crossable species, of which H. brasiliensis is the most 55 economically important (Gonçalves et al. 1990 ). The rubber tree has a heterozygous nature, with a 56 long growing cycle that includes 5 years before latex collection. Like most forest trees, the rubber 57 tree has a long generation time, which explains the slow progress of breeding this species and 58 elucidating the genetic architecture of its complex traits using traditional approaches. Genetic 59 breeding programs are challenged by a low seed yield per pollination (an average of ten seeds 60 obtained for 100 pollinated flowers) and inbreeding depression, making it difficult to develop the 61 appropriate progeny for classical genetic studies (Lespinasse et al., 2000) . Hence, relatively little is 62 known about genome-wide models of recombination, allele frequency variation, and linkage 63 disequilibrium (LD) in this important plant. 64
Over the last 15 years, many genetic maps of the rubber tree have been constructed. The first rubber 65 tree marker-based genetic maps were built with restriction fragment length polymorphisms (RFLPs) 66 and amplified fragment length polymorphisms (AFLPs) (Lespinasse et al., 2000) , and dense genetic 67 maps were subsequently constructed using simple sequence repeats (SSRs) (Le Guen et al., 2011; 68 Triwitayakorn et al., 2011; Souza et al., 2013) . Saturated genetic linkage maps are important for the 69 identification of genomic regions containing major genes and quantitative trait loci (QTLs) 70 controlling agronomic traits, and such maps are important for further breeding programs. 71
In recent years, advances in next-generation sequencing technology (NGS) have lowered the cost of 72 DNA sequencing to the point that genotyping-by-sequencing (GBS) (Elshire et al., 2011 ) is now 73 feasible for high-diversity, large-genome species, and a genetic map has been developed using the 74 GBS approach (Pootakham et al., 2015) . GBS utilizes restriction enzymes to capture a reduced 75
representation of the target genome, and with DNA-barcoded adapters, it is possible to sequence 76 multiple samples in parallel in a single run using an NGS platform. GBS has recently been applied to 77 the large barley (Hordeum vulgare L.) and wheat (Triticum aestivum) genomes and has been shown 78 to be an effective tool for developing molecular markers for these species (Poland et al., 2012) . 79 3 Evaluation of the molecular diversity encompassed in rubber tree genetic resources is a prerequisite 80 for their efficient exploitation in breeding and the development of conservation strategies of genetic 81 diversity. de Souza et al. (2015) analyzed approximately one thousand cultivated rubber tree  82  accessions originating from various geographic areas in a Brazilian germplasm collection. These  83  accessions were genotyped with 13 SSR markers distributed across the chromosomes of the species,  84 and a total of 408 alleles were identified, 319 of which were shared between groups, while 89 alleles 85
were specific to different groups of accessions. 86 LD is the non-random association of alleles at distinct loci in the genome of a sampled population 87 (Weir, 1979) and is the basis for association mapping approaches. LD can be used for many purposes 88 in plant genomics research and has received considerable attention as a tool for the study of marker-89 trait associations due to physical linkage, followed by marker-assisted selection (MAS). Another 90 important application of LD is the study of genetic diversity in natural populations and germplasm 91 collections, where it can be employed for the evaluation of population genetics and in crop 92 improvement programs, respectively (Gupta et al., 2005) . 93
With the rise of sequence-based genotyping, precise and accurate estimates of population structure 94 and the LD across the genome are now attainable for the rubber tree. Our goals in this study were to 95 characterize the genome distribution of single-nucleotide polymorphisms (SNPs) in a rubber tree 96 mapping population using GBS technology, to examine population structure, to investigate how LD 97 breakdown relates to chromosomes, and to compare the LD between cultivated and wild populations. 98
For this study, we used accessions selected from the germplasm collection previously analyzed by de 99 Souza et al. (2015) and a mapping population (PR255 x PB217) previously saturated with SSR 100 markers described by Souza et al. (2013) raw data were processed, and SNP calling was performed using TASSEL 5.0 (Glaubitz et al., 2014) . 122
Initially, the FASTQ files were demultiplexed according to the assigned barcode. The reads from 123 each sample were trimmed, and the tags were identified using the following parameters: Kmer length 124 of 64 bp, minimum quality score within the barcode and read length of 20, minimum Kmer length of 125 20. All sequence tags from each sample were aligned to the reference rubber tree genome (Tang et 126 al., 2016) with Bowtie 2 (Langmead and Salzberg, 2012) using the very-sensitive option. 127
To perform the analysis, the data were divided into the mapping population and germplasms. SNP 128 calling was performed using the TASSEL 5 GBSv2 pipeline (Glaubitz et al., 2014) and filtered using 129
VCFtools (Danecek et al., 2011) with the following criteria: (1) missing data of 20%, (2) minor allele 130 frequency (MAF) greater than or equal to 5% (MAF 0.05), and (3) biallelic SNPs only. 131
Genetic linkage map 132
All linkage analyses were performed using OneMap software (Margarido et al., 2007) The map construction utilized only markers with 0.05 missing data and tested the pattern of allelic 138 segregation for χ 2 goodness of fit to the expected Mendelian segregation ratios, and markers with 139 significant segregation distortion were excluded from further analysis. GBS-based SNPs were added 140 to the previous genetic map using the 'try.seq' function in OneMap, which determines the best 141 position for a given unpositioned GBS marker in a specific linkage group (LG). Finally, the fractions 142 of recombination were converted to centimorgans (cM) using the Kosambi map function (Kosambi, 143 1943), and the map was drawn in Mapchart, version 2.3 (Voorrips, 2002) . 144
Population structure and genetic diversity 145
The population structure was investigated in 368 genotypes from the germplasm collection with data 146 from SNPs anchored in a certain LG using two different methods: STRUCTURE analysis and 147 principal coordinate analysis (PCoA). Initially, the structure was analyzed with the software 148 STRUCTURE 2.3.4 (Pritchard et al., 2000) . Ten replications were run for each of the subpopulation 149 numbers (K), ranging from 1 to 10. Each run included 500,000 Markov chain Monte Carlo (MCMC) 150
iterations, among which the first 100,000 iterations (used to monitor whether a chain reached 151 stationarity) were discarded as burn-in. The delta K method was used to identify the number of 152 subgroups in the dataset (Evanno et al., 2005) . Based on the posterior probability of membership (Q)  153 of a given accession, the accession was classified as admixed in clusters with a membership of 154 Q<0.70. Subsequently, genetic distances between pairs of accessions were calculated, and PCoA was 155 performed for the SNPs using the GenAlEx program (version 6.5) (Peakall and Smouse, 2012) . 156
Analysis of LD 157
LD was measured by calculating the squared correlation coefficient (r 2 ) between each pair of SNPs 158 with the R software and GGT 2.0 (van Berloo, 2008), using data from SNPs anchored in the genetic 159 map. We selected markers that were positioned on the linkage map and were present in the 160 germplasm to calculate the LD in each LG separately, considering the subgroup inferred with 161 STRUCTURE. The decay of LD over genetic distance was investigated by plotting pair-162 wise r 2 values against the distance (cM) between markers on the same chromosome using the 163 following model: et al., 2012) , where x and y represent the genetic distance 164 in cM and the estimated r 2 , respectively. The critical r 2 for LD decay was determined by values of 165 0.1, which is considered the minimum threshold for a significant association between pairs of loci 166 and to describe the maximum genetic or physical distance at which LD is significant (Zhu et al., 167 2008) . 168 3
Results 169
SNP discovery and evaluation 170
The analysis was performed separately for the mapping population and germplasm to produce a total 171 of 1.785 million reads of sequence data, of which 89% ( further divided into subgroups "A" and "B" (Figure 1) . 199
Thus, a genetic map was generated spanning a cumulative length of 4,693 cM (Figure 1 
among all the chromosomes. The LGs ranged from 23.8 cM (LG18B) ( Supplementary Table 3 ) with 201 14 markers to the largest group with 404.6 cM (LG10) with 85 markers (of which 78 were from 202 GBS), and the average interval size between two adjacent markers was 4.4 cM. 203 6 The maximum gap size was 36.4 cM (LG11), which was maintained from the previous map. 204
Furthermore, some regions could not be sampled using the selected restriction enzyme; in LG16, for 205 example, only 2 GBS-based markers were added. 206
Genetic relationships among populations 207
The germplasm collection was selected in a prior work by Souza et al. (2015) examining the 208 population structure with SSR markers. To confirm the population structure of the sample of selected 209 individuals, we performed a new analysis as performed with the SNPs from GBS genotyping. Only 210 mapped SNPs that were common in the germplasm collection were used. Clustering inference 211 performed with K values ranging from 1 to 10 showed that the model likelihood increased steeply at 212 K=2, followed by a drastic decline starting at K=3, suggesting that the optimal K value was 2. The 213 assignment results for K=2 showed that some of the sampled individuals exhibited admixtures from 214 two gene pools (Figure 2(A) ): group 1 (red bars) mainly consisted of accessions originating from the 215
Mato Grosso and cultivated genotypes, and group 2 (green bars) consisted entirely of wild accessions 216 from Amazonas, Rondônia, Para, and Acre (identified as IS -Ilha Solteira). Twenty-one accessions 217
showing a membership probability (Q value) below 0.70 were defined as admixed and were removed 218 from subsequent analyses. 219
As a second analysis of differentiation, we employed PCoA based on a similarity matrix that 220 explained 22.8% and 16.7% of the genetic variation with the first and second PCoA axes, 221
respectively. Plotting the two first PCoA axes separated the germplasm into two clusters, though 222 some overlap was present between the wild germplasms and cultivated genotypes (Figure 2 ). On the 223 first axis, most of the breeding genotypes were separated from the other genotypes. On the second 224 axis, the wild germplasm samples were clustered together, but some accessions from the Amazon 225
were isolated in their own subdivision. 226
Evaluation of LD 227
Based on population genetic structure, accessions could be divided into two distinct groups 228
(cultivated and wild group) ( Figure 2) , and pairwise LD estimates were performed within the gene 229 pool of each of these groups. To visualize LD throughout the genome, heat maps were produced 230 based on pairwise r 2 estimates, and corresponding p-values were calculated using permutations for all 231 marker pairs ( Supplementary Figure 1) . These heat maps were employed to identify variations in LD 232 between the cultivated and wild rubber tree germplasm groups. 233
In 16,025 pairwise combinations, we identified 186 (1.2%) and 592 (3.7%) statistically significant 234 associations that were in LD (P<0.05) in the cultivated and wild germplasms, respectively. Of these 235 significant associations, 78 and 64 were intrachromosomal in the cultivated and wild germplasms, 236
respectively, accounting for 0.5% and 0.4% of the total possible intrachromosomal correlations. 237
Among the unlinked loci, the proportions of LD were 0.7% and 3.3% for the cultivated and wild 238 germplasms, respectively. In both clusters, an uneven distribution of LD among the 18 chromosomes 239 was observed. 240
The strength of LD (P<0.05) was very different between two clusters, as reflected by the mean r 2 241 values of 0.49 and 0.02 obtained for the cultivated and wild germplasms, respectively. The 346 SNPs 242 that were localized in the integrated map were used for the estimation of LD decay among the 243 different
LGs. LD decay was estimated across the germplasms and was found to be more pronounced 244
in the wild germplasms, with the range being dependent on the chromosome group (Supplementary 245 Figure 2 ). Using a fixed baseline r 2 value of 0.1 for the wild germplasm, LD decay ranged from 2.3 246 cM (LG9) to 11.4 cM (LG17). In contrast, in the cultivated accessions, this decay was slower, 247 ranging from 4.3 cM (LG8) to 50 cM (LG17), with average values of 5.6 cM and 19.6 cM for the 248 wild and cultivated germplasms, respectively (Figure 3 ). The patterns of LD can also be visualized 249 across the genome from the diagonal of the heat maps ( Supplementary Figure 1) . 250
Discussion 251
We performed a genetic mapping study with a bi-parental population (252 segregating hybrids 252
between PR255 x PB217) and analyzed the population structure and LD with two different 253 populations of rubber tree, formed from 47 accessions from a breeding program and 300 accessions 254 from a germplasm collection. For this study, we employed SNPs obtained via the GBS approach, 255 which enabled the detection of polymorphisms distributed across the genome. 256
An important breakthrough of the GBS approach is that a reference genome is not necessary for SNP 257 genotyping. However, the availability of a reference genome offers additional benefits, as it allows 258
proper The assembly is highly fragmented, containing more than one million contigs. The assembly of a 262 complex genome is challenging, owing in part to the presence of highly repetitive DNA 263 sequences, which introduce ambiguity during genome reconstruction. We used the genome 264 published by Tang The frequency of nucleotide substitutions was five times higher in the wild (3.9 kb) than in the 274 cultivated (20.7 kb) germplasm sequences. One explanation for this finding is that selection in 275 cultivated breeding programs acts to reduce diversity and alter allele frequencies in the DNA 276 sequence. Depending on how LD is increased surrounding these loci; the effects of such a selection 277 may not extend sufficiently far to affect the overall genome diversity. Rubber tree breeders have had 278
to develop cultivars that are appropriate for the specific temperature and humidity conditions 279 encountered in different cultivation areas, along with various biotic and abiotic stress resistance 280 factors. High-density SNPs are also common in non-genetic regions where there is no selection 281 pressure, and the abundance of these SNPs will be very useful for future assessments of breeding 282 populations. Souza et al., 2013) . However, GBS was employed for 291 linkage map construction in rubber tree very recently (Pootakham et al., 2015; Shearman et al., 292 2015) . In the present study, we utilized the GBS platform to sequence a PR255 x PB217 mapping 293 population that was previously saturated with SSR markers and SNPs obtained from other specific 294 platforms (Souza et al., 2013; Rosa et al., submitted) . 295
The linkage map constructed in the present study exhibits a regular marker distribution. However, the 296 cumulative genetic map is significantly longer (4,693 cM) than would be expected for maps derived 297 from other mapping populations that have presented a lower resolution; for example, a map of 2,052 298 cM (Pootakham et al., 2015) was obtained using only SNPs, and a map of 2,441 cM (Le Guen et al., 299 2011) was obtained using both SSRs and AFLPs. Such expansions of the rubber tree genetic linkage 300 map have also reported previously (4,160 cM, Shearman et al., 2015) . Several factors may be 301 responsible for this phenomenon, including the numbers and types of mapped loci, the genetic 302 constitution of different mapping populations and differences in mapping strategies, the mapping 303 software and the ratio between the number of markers and the population size (Knox and Ellis, 304 2002) . 305
Genetic mapping of the population (PR255 x PB217) was initiated in the first publication by Souza et 306 al.
(2013) using microsatellite markers. These first LGs were organized according to the numbers 307 obtained from the map previously developed by Lespinasse et al. (2000) , and information from other 308 maps (unpublished) consisting of microsatellites in common was used to identify syntenic markers. 309
Subsequently, the PR255 x PB217 mapping population was saturated with SSR markers and 243 310
SNPs obtained from platforms such as Sequenom MassARRAY iPLEX technology and KASP 311 genotyping (Rosa et al., submitted) . The SNPs from GBS used to construct the new genetic linkage 312 map contributed to reducing the average interval between two adjacent markers (4.4 cM versus 7.4 313 cM). However, the marker density remained lower than that of the first rubber tree map (Lespinasse 314 et al., 2000) , which presented one marker every 3 cM or 0.89 cM according to Pootakham et al. 315 (2015) .
LG11 displayed the maximum gap size (36.4 cM), which may have been caused by sections 316 of the genome that were identical among the parental genotypes and thus an absence of 317 polymorphisms, or by recombination hotspots. Large gaps exhibiting a low degree of polymorphisms 318 have also been reported by Shearman et al. (2015) . 319
Genetic maps are important tools not only for QTL mapping but also for anchoring genome assembly 320 scaffolds into pseudo-chromosomes. The draft genome of H. brasiliensis has been reported to be 321 highly heterozygous, with 71% of the genome length comprising repeats (Tang et al., 2016) . A total 322 of 21,283 biallelic SNPs were identified, potentially aligning with 1,926 scaffolds, corresponding to 323 26% of the total scaffolds of the genome used. However, only 3% of these scaffolds were anchored to 324
LGs due to the relatively fragmented scaffold sequences and the usage of an insufficient genetic map 325 to anchor the scaffolds. Thus, it is important to develop higher-quality genetic maps to help improve 326 the scaffold anchoring ratio of future rubber tree genome assemblies. 327
Progress in the development of new molecular markers and genetic linkage maps is important for 328 genetic improvement in rubber tree breeding programs. Despite the economic and ecological 329 importance of this crop, restricted genomic resources are available for rubber tree. Sequencing of the 330 studied family allowed the identification and genotyping of many markers in an efficient and cost-331 effective way. The linkage mapping analysis resulted in a number of LGs corresponding to the rubber 332 tree haploid chromosome number (n=18) (Ong, 1975; Lespinasse et al., 2000) , and the development 333
of GBS methods and genetic maps represents an important advancement of the genomics tools 334 available for these crops, which currently lack a good reference genome sequence. 335 Diversity analyses were performed in a previous work that included the entire collection of rubber 336 germplasm, analyzing 1,117 genotypes with 13 microsatellite markers (Souza et al., 2015) , and 337 showed a mean observed heterozygosity (Ho) of 0.64 and higher genetic diversity (He) than Ho in all 338 cases. Wright's fixation index (F) values were positive, with a mean of 0.16 obtained for the 339 accessions overall. Among a total of 408 observed alleles, 89 represented unique alleles to different 340 groups of accessions, demonstrating the high level of heterogeneity in these genotypes. To confirm 341 the population structure of the sample of selected individuals based on the work of de Souza et al. 342 (2015), a new analysis of the population structure was conducted with SNPs obtained from GBS 343 genotyping. The Δ K values obtained in this study indicated that the rubber tree germplasm could be 344 divided into two groups and showed that some of the sampled individuals exhibited admixtures from 345 two gene pools, which was also confirmed by plotting the two first PCoA axes. 346
Recent work using SSR markers has revealed similar results to those obtained using SNPs from GBS. 347
For Population genetic structure is a principal factor influencing the generation of false positives and the 361 success of the association or LD mapping (Gupta et al., 2005) . These 368 rubber tree accessions 362 could be divided into two distinct groups based on population genetic structure: cultivated and wild 363 germplasm. The investigation of LD decay vs genetic distance based on markers is not possible 364 without prior information regarding the positions of markers in the genome. Since the information on 365 the rubber tree genome is still inaccurate regarding these positions, we employed the existing genetic 366 map of the PR255 x PB217 population to identify the positions of some SNPs and, thus, enable a 367 more accurate study of LD decay. 368 LD analysis with the mapped SNPs revealed that LD varied along the chromosomes, with regions of 369 high LD being interspersed with regions of low LD ( Supplementary Figure 1 ). LD estimation is 370 possible without the positions of molecular markers along the genome and was indeed performed in 371 this study. However, these positions are crucial if one is interested in determining the decay or 372 extension of LD in relation to the genetic distance, regardless of by chromosome. 373
The average r 2 values were found to be very different when the two detected groups were compared. 374
This measurement was higher in the breeding germplasm (0.49) than in the wild germplasm (0.02), 375
corroborating the results of Chanroj et al. (2017) , who suggested that these results were caused by 376 high gene flow in the wild Amazonian population. The breeding accessions exhibited a notably 377 higher level of LD, suggesting less genetic diversity in this subdivision, perhaps because of the 378 constraint of genetic variability employed in breeding programs due to the recurrent process of 379 selection. The low LD detected in the wild germplasm in this study was expected because perennial 380 outcrossing tree species display a high effective recombination rate, which leads to the rapid decay of 381 LD (Krutovsky and Neale, 2005) . 382
The higher LD level detected in the cultivated group may have been influenced by the partly 383 identical-by-descent of these genotypes from a limited number of founders of the breeding programs, 384
with only a few generations between them. Thus, many longer pieces of chromosomes have not had 385 time to undergo disruptions. Domesticated crop cultivars necessarily represent a subset of the genetic 386 variation found in their wild ancestors, and the process of crop domestication is responsible for 387 genetic bottlenecks (McCouch, 2004) . Although rubber tree breeding programs are very recent, the 388 differences in LD patterns detected between cultivated and wild germplasms suggest that plant 389 breeders may have selected for separate combinations of genes during the breeding process. 390
Moreover, selection for high latex yields and the extensive use of particular clones as parents in 391 rubber breeding programs have further reduced the genetic diversity of commercial rubber 392 germplasm (Priyadarshan, 2016) , which may also affect LD. 393 LD decay was estimated at 25.7 cM within cultivated and 5.7 cM within wild germplasm, and 394 significant inter-chromosomal LD was identified within cultivated in contrast to wild germplasm. 395
The distances of LD decay between the two groups were most different in LGs 3, 5, 7, 10 and 11, 396
suggesting that these chromosomes may carry more genes related to agronomic traits that have been 397 selected via organized breeding of this crop. In previous studies involving Amazonian accessions of 398 rubber tree, Chanroj et al. (2017) revealed an LD decay of more than 0.5-6 cM and suggested that 399 LD estimates were significantly influenced by physical distance, with LD decay greater than 2 kbp 400 being observed in the widespread Amazonian population. These authors showed that LD decay over 401 genetic distance was different for the 18 different chromosomes, possibly because of the different 402 recombination rates of the 18 chromosomes. Rapid LD decay has been reported for many other 403 outcrossing tree species, such as Populus nigra, in which a decay of r 2 with distance in the CAD4 404 gene was observed at approximately 16 bp (Marroni et al., 2011) . In Eucalyptus globulus, candidate 405
genes for wood quality were analyzed using SNPs, and LD was estimated to decay rapidly 406 (Thavamanikumar et al., 2011) . Most LD estimation studies conducted in tree species are based on 407 candidate genes (Krutovsky and Neale, 2005) . 408 LD mapping relies on germplasm samples and, as such, does not require the development of 409 experimental crosses with specific genetic backgrounds, and thus ease of use is an obvious benefit in 410 studies of perennial species with long life cycles. LD is a key factor in determining the number of 411 markers needed for genome-wide association studies (GWAS) and genomic selection (GS). Genomes 412 with low LD require a high marker density for GWAS or GS; therefore, our SNPs may be valuable 413 for GWAS in rubber tree breeding. Considering the length of the genetic map (4,693 cM) and the 414 mean LD observed (0.49 in breeding and 0.02 in wild populations), many evenly spaced SNPs would 415 be necessary to perform GWAS in the rubber tree, and the wilder the genotypes that are used, the 416 more difficult is the saturation of the mapping. However, to obtain a sufficient SNP density 417 throughout the genome and to account for variation in LD along the chromosomes more markers 418 must be genotyped. Our study results provide a valuable resource for further genetic studies 419 involving linkage or association mapping, marker-assisted breeding and Hevea sequence assembly 420 and comparative mapping. 421 Furthermore, GWAS of wild germplasm accessions in the future will provide a substantial 422 contribution to dealing with new challenging situations that will arise as a consequence of global 423 climatic changes. Useful QTLs and genes to face these new situations are currently unknown, but the 424 best way to identify them would be through analyses relying on GWAS of large panels of wild 425 genotypes. A precise assessment of the LD pattern across the genome of Hevea is necessary for such 426 endeavors, and the present study supplies a major contribution to this goal. 
